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Hydrodynamis merged with single-freeze-out statistial hadronization is used to desribe the
midrapidity hadron prodution in relativisti heavy-ion ollisions at the highest RHIC energies
(
√
sNN = 200 GeV) and to make preditions for the LHC (
√
sNN = 5.5 TeV). Thermodynami
properties of the high-temperature strongly-interating quark-gluon plasma are taken from lattie
simulations, at low temperatures the hadron-gas equation of state is used, while in the ross-over
region an interpolation between the two equations of state is onstruted. Boost invariane is
assumed for the midrapidity alulations. The initial ondition for hydrodynamis is obtained from
a Glauber prole for the entropy, with the initial entral temperature Ti. The onditions obtained
from the hydrodynami expansion at the freeze-out temperature Tf are used as input for the thermal
event generator THERMINATOR, whih aounts for a omplete treatment of hadroni resonanes. Basi
physial observables are obtained: the transverse-momentum spetra, the ellipti ow oeient v2,
and the HBT radii. The femtosopi observables are evaluated with the help of the two-partile
method whih aounts for the resonane deays and Coulomb nal-state interations. The problem
of a simultaneous desription of all disussed observables is addressed, with the onlusion that
at the highest RHIC energies our approah gives a quite satisfatory global desription of soft
hadroni observables, whih agree with the data at the level of 10-15%. Some disrepanies may be
attributed to the absene of the nal-state elasti interations among hadrons. Extrapolating Ti to
higher values allows for global preditions for soft hadroni physis at the LHC. We test Ti = 400,
450, and 500 MeV, and observe the expeted growth of partile multipliities and the inrease of
the ow, resulting in smaller slopes of the pT -spetra. The ellipti ow of pions exhibits saturation,
with v2 remaining pratially onstant, while the HBT radii inrease moderately with Ti.
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I. INTRODUCTION
Hydrodynamis has beome the standard framework
for the desription of the intermediate stages of relativis-
ti heavy-ion ollisions [1, 2, 3, 4, 5℄. In this paper, en-
ouraged by the suess of this approah in desribing
some of the basi RHIC data [6, 7, 8, 9, 10, 11, 12, 13℄,
we use the reently developed hydrodynami approah
[14, 15, 16℄ merged with the statistial-hadronization
Monte-Carlo model [17℄ to globally desribe the midra-
pidity hadron prodution at the highest RHIC energies
and to make preditions for the future experiments at
the Large Hadron Collider (LHC). Our approah uses
standard methods of the eld, however we take an eort
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to ombine the best features for all entering elements of
the existing analyses, exept for the absene of elasti
resattering in the nal state. We attempt a global t
to all main midrapidity observables, i.e., the transverse-
momentum spetra, the ellipti-ow oeient, as well
as the pioni HBT radii. The main outome is that for
pions and kaons a global t works at the level of 10-15%,
whih in our view is satisfatory, baring in mind system-
ati unertainties in various elements of the approah,
suh as the determination of the initial ondition, the
lak of detailed knowledge of the equation of state, the
assumed boost invariane, et. The quality of the global
t is alling for preditions for the LHC energies, whih is
the main topi of this work. The preditions of other hy-
drodynami models for phenomena expeted at the LHC
have been reently summarized in Ref. [18℄.
Our implementation of invisid hydrodynamis
(Set. II) inorporates the state-of-the-art knowledge of
the hadroni equation of state. The relevant quantity
is the sound veloity, cs, onsidered as a funtion of
temperature. The value of cs for the high-temperature
strongly-interating quark-gluon plasma is taken from
2the reent lattie simulations [19℄, whih exhibit a sub-
stantial departure from the ideal-gas Stefan-Boltzmann
limit even at temperatures signiantly above the
ross-over temperature Tc ∼ 170 MeV. In partiular,
c2s is signiantly below the ideal-gas value of 1/3. At
low temperatures the hadron-gas equation of state is
used, with a omplete treatment of resonanes [20℄. In
the limit T → 0 the funtion c2s(T ) approahes zero
as (T/mpi)
1/2
, harateristi of the massive pion gas
at low temperatures. In the ross-over region near
Tc a simple-minded interpolation between the high-
and low-temperature equations of state is onstruted.
In aordane to the present knowledge, no phase
transition but a smooth ross-over is built in, thus cs
does not drop to zero at Tc. With the assumed features
our hydrodynamis leads to smooth, laminar ow; no
shok-waves are formed.
Boost invariane is assumed for the onsidered midra-
pidity analysis, whih is a good approximation for the
highest RHIC and LHC energies at the rapidity window
|y| < 1 [21, 22℄. This assumption redues the number of
independent spae dimensions, whih greatly simplies
the numerial analysis. The hydrodynami equations are
solved with the tehnique desribed in Refs. [14, 15, 16℄
whih is a generalization of the method introdued by
Baym et al. in Ref. [23℄. The initial ondition for the evo-
lution is obtained from a Glauber prole (Set. III), with
the initial entral temperature Ti. The evolution pro-
eeds until the temperature drops down to the freeze-out
temperature Tf . These two temperatures are the free pa-
rameters of the approah. Entropy onservation is used
as a numerial test, satised at the relative level of 10−4.
The freeze-out hypersurfae and the ow prole obtained
from the hydrodynami expansion are then used as input
for the thermal event generator THERMINATOR [17℄. This
ode implements the statistial hadronization, aount-
ing for a omplete treatment of hadroni resonanes (the
inluded resonanes and their branhing ratios are the
same as in the SHARE pakage [24℄). Resattering after
the hemial freeze-out is not inorporated, whih is an
approximation working fairly well for the pions, as may
be inferred from the results presented in Ref. [13℄. We
note that a Monte Carlo generator of funtionality simi-
lar to THERMINATOR has been released reently [25℄.
Basi physial observables are alulated from the sam-
ple of events generated by THERMINATOR (Sets. IV, VI
and VII). For the highest RHIC energies the pion and
kaon transverse-momentum spetra agree well with the
data, with a similar quality mathing of the ellipti ow
oeient v2(pT ). For the protons the model spetra are
somewhat too steep and v2 too large, whih is proba-
bly due to the absene of the nal-state elasti resat-
tering. The femtosopi observables are evaluated with
the help of the two-partile method aounting for the
eets of resonane deays and the Coulomb nal-state
interations (Sets. V, VI and VII). The use of the two-
partile method imitating the experimental analysis is a
lear advantage over the use of simple parameterizations
of the emitting soure [26℄. The RHIC pioni HBT radii
are reasonably reprodued in our approah, with Rside
10-15% below the experimental data, Rout within the ex-
perimental errors, and Rlong about 15% too large. The
ratio Rout/Rside is about 1.2-1.25 and almost onstant as
a funtion of the the transverse momentum of the pair,
whih is still away from the experimental ratio, but on-
siderably better than in many other hydrodynami ap-
proahes. All in all, at the highest RHIC energies the
approah gives in our view a quite satisfatory global de-
sription of the soft pioni observables, whih agree with
the data at the level of 10-15%. Some disrepanies may
be attributed to the nal-state elasti interations among
hadrons, not inluded in our desription.
Extrapolating Ti to higher energies allows us to make
global predition for the soft hadroni physis at the
LHC, whih are presented in Set. VII. We start the hy-
drodynami evolution from a higher initial temperatures,
using a few values in the expeted range: Ti = 400, 450,
and 500MeV, and keep all other parameters xed, in par-
tiular Tf = 150 MeV. We observe the expeted growth
of partile multipliities and the inrease of the ow, re-
sulting in smaller slope of the pT -spetra. The ellipti
ow of pions does not inrease any more, showing the ex-
peted saturation of v2, and even dereases slightly at the
highest tested temperature of Ti = 500 MeV. The HBT
radii inrease moderately with the temperature: Rside
and Rlong roughly 1 fm for eah 100 MeV inrease of Ti,
and Rout even slower. We provide some simple formulas
desribing the hange of the onsidered quantities with
Ti.
Finally, we remark that THERMINATOR may be used
straightforwardly to test the soft physis in detetor sim-
ulations at LHC. It produes partiles with full deay
history whih an be fed diretly to transport odes. It
inludes non-trivial and physially well-motivated pre-
ditions for ow phenomena (both the radial and ellip-
ti ow) with partile type dependene naturally built
in. It also provides information on emission points for
femtosopi simulation. The non-trivial, dynami (on-
taining spae-momentum orrelations) emission funtion
allows for the testing more advanes femtosopi analy-
sis tehniques, e.g. spherial harmonis deompositions
or imaging [27, 28, 29, 30℄.
II. EQUATION OF STATE AND
PERFECT-FLUID HYDRODYNAMICS
In our studies we fous on the desription of the midra-
pidity region. Statistial models applied to the highest-
energy RHIC data yield the baryon hemial potential
µB ≈ 20− 30 MeV [31, 32, 33, 34, 35℄, while the predi-
tions for LHC energies give µB ≈ 0.8 MeV [36℄. Hene,
for the hydrodynami equations we an approximately
assume that the baryon hemial potential vanishes. In
this situation the whole information on the equation of
state is enoded in the temperature-dependent sound ve-
3FIG. 1: (Color online) The square of the sound veloity as a
funtion of temperature. The high-temperature part omes
from the lattie simulations of Ref. [19℄, the low-temperature
part from the hadroni gas with resonanes, while the tran-
sition region near the ross-over is obtained with simple in-
terpolation. Here we take Tc = 170 MeV as the sale for
T .
loity cs(T ) [14℄. In the hydrodynami alulations we
use the funtion cs(T ) introdued in Ref. [16℄ and la-
beled there as ase I. At low temperatures it is given by
the sound veloity of a hadron gas (with a omplete set
of hadroni resonanes). The funtion c2s(T ) approahes
zero as (T/mpi)
1/2
, harateristi of the pion gas. At
high temperatures the equation of state oinides with
the reent lattie simulations [19℄. In the intermediate-
temperature region we take the simple smooth interpola-
tion between the hadron gas and lattie results, see Fig. 1.
As mentioned above, the knowledge of the funtion cs(T )
allows us to determine all other thermodynami proper-
ties of our system. In Fig. 2 we display the orresponding
entropy and energy densities as funtions of T , as well as
the pressure and the sound veloity as funtions of the
energy density. The region in the energy density where c2s
drops to zero is exeedingly small and invisible in Fig. 2,
while the full dependene an be seen in Fig. 1. Other
equations of state and their impat on the physial ob-
servables were reently studied in Ref. [37℄.
We stress that by using the lattie results we take into
aount the non-perturbative aspets of the plasma be-
havior, whih may be regarded as the eetive inlusion
of the strongly-interating quark-gluon plasma; large de-
viations from the ideal-gas behavior diretly indiate the
non-negligible interations present in the plasma. In par-
tiular, c2s is signiantly below the ideal-gas value of 1/3
also at temperatures way above Tc. Note that in agree-
ment with the present knowledge, no phase transition is
present in the system, but a smooth ross-over, there-
fore cs does not drop to zero at Tc but remains a smooth
funtion. Also, the riterion for absene of shok-waves
is satised [23, 38℄, whih makes the evolution simple to
solve numerially  we use the adaptive method of lines in
the way implemented in the MATHEMATICA pakage.
The spae diretions are disretized, and the integration
in time is treated as solving of the system of ordinary
FIG. 2: (Color online) The two left panels: the volume densi-
ties of entropy and energy, saled by T 3 and T 4, respetively,
shown as funtions of the temperature. The two right pan-
els: the pressure and sound veloity shown as funtions of the
energy density. The presented thermodynami funtions fol-
low diretly from the temperature-dependent sound veloity
shown in Fig. 1.
dierential equations with the adaptive time step. En-
tropy onservation is used as a numerial test, whih is
satised at the relative level of 10−4.
With the assumed features our hydrodynamis leads
to smooth, laminar ow. In Ref. [16℄ it was argued that
the use of the sound-veloity funtion depited in Fig. 1
is physially attrative, sine it leads to relatively short
time sales of the hydrodynami evolution. This, in turn,
helps to obtain the satisfatory desription of the HBT
radii at the highest RHIC energies.
The relativisti hydrodynami equations of the perfet
uid follow from the energy-momentum onservation and
the assumption of loal equilibrium. For the baryon-free
matter they read
uµ∂µ(Tu
ν) = ∂νT, (1)
∂µ(su
µ) = 0, (2)
where T is the temperature, s the entropy density, and
uµ = γ(1,v) denotes the four-veloity of the uid. The
normalization ondition uµu
µ = 1 implies that only three
out of four equations appearing in (1) are independent.
As mentioned above, in the analysis of the evolution in
the midrapidity region we additionally assume that the
system is boost-invariant. This assumption introdues
another onstraint, hene, in this ase Eqs. (1) and (2)
redue to three independent equations, whih may be
4FIG. 3: (Color online) The notation for the position and ve-
loity of the uid element in the transverse plane.
written in the following form [39℄
∂
∂t
(rtsγ) +
∂
∂r
(rtsγv cosα) +
∂
∂φ
(tsγv sinα) = 0,
∂
∂t
(rTγv) + r cosα
∂
∂r
(Tγ) + sinα
∂
∂φ
(Tγ) = 0,
T γ2v
(
dα
dt
+
v sinα
r
)
− sinα∂T
∂r
+
cosα
r
∂T
∂φ
= 0.
(3)
Here t, r=
√
x2 + y2, and φ = tan−1(y/x) are the time
and spae oordinates whih parameterize the transverse
plane z = 0 (for boost-invariant systems, the values of
all physial quantities at z 6= 0 may be obtained by the
Lorentz transformation). The quantity v is the transverse
ow, γ = 1/
√
1− v2 is the Lorentz fator, and α is the
dynamially determined angle between the diretion of
the transverse ow and the radial diretion, see Fig. 3.
The dierential operator d/dt represents the omplete
time derivative and is dened by the formula
d
dt
=
∂
∂t
+ v cosα
∂
∂r
+
v sinα
r
∂
∂φ
. (4)
Equations (3) are three equations for four unknown fun-
tions: T , s, v, and α. To obtain a losed system of equa-
tions one needs to supplement them with an equation of
state, i.e., with a relation onneting T and s. Alter-
natively, one may x the temperature-dependent sound
veloity,
c2s(T ) =
∂P
∂ǫ
=
s
T
∂T
∂s
, (5)
to a known funtion. This method is advantageous, as
it diretly uses the available information on the sound
veloity.
III. INITIAL CONDITIONS
Similarly to other hydrodynami alulations, we as-
sume that the initial entropy density of the partiles pro-
dued at the transverse position point xT is proportional
to a prole obtained from the Glauber approah. Spei-
ally, we use a mixed model [40, 41℄, with a linear ombi-
nation of the wounded-nuleon density ρW (xT ) and the
density of binary ollisions ρbin (xT ), namely
s (xT ) ∝ ρ (xT ) = 1− κ
2
ρW (xT ) + κρbin (xT ) . (6)
The ase κ = 0 orresponds to the standard wounded-
nuleon model [42℄, while κ = 1 would inlude the binary
ollisions only. The PHOBOS analysis [41℄ of the partile
multipliities yields κ = 0.12 at
√
sNN = 17 GeV and
κ = 0.14 at
√
sNN = 17 GeV. In this paper we assume
κ = 0.14 (7)
for both the highest RHIC and the LHC energies. Sine
the density prole from the binary ollisions is steeper
than from the wounded nuleons, inreased values of
κ yield steeper density proles, whih in turn result in
steeper temperature proles.
In the hydrodynami ode, the initial onditions are
speied for the temperature prole whih, aording to
Eq. (6), takes the form
T (τinit,xT ) = TS
[
si
ρ (xT )
ρ (0)
]
, (8)
where TS(s) is the inverse funtion to the funtion s(T ),
and si is the initial entropy at the enter of the sys-
tem. The initial entral temperature Ti equals TS(si).
Throughout this paper we take the initial time for the
hydrodynami evolution to be
τinit = 1 fm. (9)
The wounded-nuleon and the binary-ollisions densi-
ties in Eq. (8) are obtained from the optial limit of the
Glauber model, whih is a very good approximation for
not too peripheral ollisions [43℄. The standard formulas
are [42℄
ρW (xT ) =
TA
(
b
2
+ xT
){
1−
[
1− σ
A
TA
(
−b
2
+ xT
)]A}
+TA
(
−b
2
+ xT
){
1−
[
1− σ
A
TA
(
b
2
+ xT
)]A}
(10)
and
ρbin (xT ) = σTA
(
b
2
+ xT
)
TA
(
−b
2
+ xT
)
. (11)
In Eqs. (10) and (11) b is the impat parameter, σ
is the nuleon-nuleon total inelasti ross setion, and
TA (x, y) denotes the nuleus thikness funtion
TA(x, y) =
∫
dz ρ (x, y, z) . (12)
5FIG. 4: (Color online) The parameterization of the freeze-out
hypersurfae.
For RHIC energies we use the value σ = 42 mb, while for
LHC we take σ = 66 mb. The funtion ρ(r) in Eq. (12)
is the nulear density prole given by the Woods-Saxon
funtion with the onventional hoie of parameters:
ρ0 = 0.17 fm
−3,
r0 = (1.12A
1/3 − 0.86A−1/3) fm,
a = 0.54 fm. (13)
The atomi number A is 197 for RHIC (gold nulei) and
208 for LHC (lead nulei). The value of the impat pa-
rameter in Eqs. (10) and (11) depends on the onsidered
entrality lass.
We stress that the shape of the initial ondition (8)
is important, as it determines the development of the
radial and ellipti ow, thus aeting suh observables
as the pT -spetra, v2, and the femtosopi features. On
qualitative grounds, sharper proles lead to more rapid
expansion. Several eets should be onsidered here.
Firstly, as disussed in Ref. [44℄, hydrodynamis starts
a bit later, when the prole is less eentri than origi-
nally due to early evolution of partons in the pre-hydro
phase. On the other hand, statistial utuations of
the axes of the seond harmoni in the distribution of
Glauber soures (wounded nuleons, binary ollisions)
[45, 46, 47, 48, 49, 50, 51, 52℄ leads to a signiant en-
hanement of the eentriity, espeially at low values
of the impat parameter. Thus the initial eentriity
may in fat be smaller or larger than what follows from
the appliation of the Glauber model. This ontributes
to the systemati model unertainty at the level of, say,
10-20%. This unertainty ould only be redued by the
employment of a realisti model of the pre-hydrodynami
evolution and is outside of the sope of this work. With
this unertainty in plae, one should not expet or de-
mand a better agreement with the physial observables
than at the orresponding level of 10-20%.
IV. STATISTICAL HADRONIZATION WITH
THERMINATOR
In order to alulate the physial observables we rst
use the hydrodynami ode with the desribed initial on-
ditions to determine the freeze-out hypersurfae Σ. In
our approah it is dened by the ondition of a onstant
freeze-out temperature Tf , and parameterized in the gen-
eral way by the following equations
t = d (φ, ζ, η) sin ζ cosh η, z = d (φ, ζ, η) sin ζ sinh η,
x = d (φ, ζ, η) cos ζ cosφ, y = d (φ, ζ, η) cos ζ sinφ.
(14)
The variable η is the spae-time rapidity dened as usual
by the formula
η =
1
2
ln
t+ z
t− z = tanh
−1
(z
t
)
. (15)
The parameterization (14) yields the ompat expres-
sions for the proper time τ and the transverse distane
r,
τ =
√
t2 − z2 = d (φ, ζ, η) sin ζ,
r =
√
x2 + y2 = d (φ, ζ, η) cos ζ. (16)
At any given value of the spae-time rapidity η the po-
sition of the point on the hypersurfae Σ is dened by
the two angles, φ and ζ, and the distane from the origin
of the oordinate system, d (φ, ζ, η). The angle φ is the
standard azimuthal angle in the y − x plane as used in
the hydrodynami equations (3), while the angle ζ is the
azimuthal angle in the τ − r plane. We have introdued
the angle ζ beause in most ases the freeze-out urves in
the τ−r plane may be treated as funtions of this param-
eter. The use of the transverse distane r is inonvenient,
sine very often two freeze-out points orrespond to one
value of r, see Fig. 4.
With the standard denition of the four-momentum in
terms of the rapidity and transverse momentum,
pµ = (mT cosh y, pT cosφp, pT sinφp,mT sinh y) . (17)
where mT =
√
m2 + p2T is the transverse mass, and with
the standard denition of the element of the hypersur-
fae dΣµ, we nd the expliit form of the Cooper-Frye
integration measure [53℄
6dΣµ p
µ = d 2 sin ζ
[
d cos ζ (mT sin ζ cosh (η − y) + pT cos ζ cos (φ− φp)) (18)
+
∂d
∂ζ
cos ζ (−mT cos ζ cosh (η − y) + pT sin ζ cos (φ− φp)) + ∂d
∂φ
pT sin (φ− φp) +∂d
∂η
cot ζ mT sinh (η − y)
]
dηdφdζ.
This equation, when used in the Cooper-Frye formula [53℄, leads to the six-dimensional partile density at freeze-out
dN
dydφppTdpTdηdφdζ
= g
d 2 sin ζ
(2π)3
[
d cos ζ (mT sin ζ cosh (η − y) + pT cos ζ cos (φ− φp))
+
∂d
∂ζ
cos ζ (−mT cos ζ cosh (η − y) + pT sin ζ cos (φ− φp)) + ∂d
∂φ
pT sin (φ− φp)
]
×
{
exp
[
βmT√
1− v2 cosh(y − η)−
βpT v√
1− v2 cos(φ+ α− φp)− βµ
]
± 1
}−1
. (19)
In the transition from (18) to (19) we made use of the
boost-invariane and removed the term ∂d/∂η, sine the
funtion d depends only on φ and ζ. The last line in (19)
ontains the equilibrium statistial distribution funtion,
with −1 for bosons and +1 for fermions. The argument
is the Lorentz-invariant produt pµuµ. The parameter
β = 1/T is the inverse temperature and g denotes the
spin degeneray fator. The four-veloity eld has been
expressed in terms of the transverse ow v and the dy-
namial angle α whih depend on the spae-time posi-
tions on the freeze-out hypersurfae. The statistial dis-
tribution funtions inlude the hemial potential,
µ = µBB + µSS + µI3I3, (20)
with B, S, and I3 denoting the baryon number,
strangeness, and isospin of the partile, respetively,
while the baryoni, strange, and isospin hemial poten-
tials assume the values: µB = 28.5 MeV, µS = 9 MeV,
µI3 = −0.9 MeV at the highest RHIC energies [33℄, and
µB = 0.8 MeV and µS = µI3 = 0 MeV at the LHC [36℄.
In order to desribe the statistial hadronization and
prodution of partiles we rst run our hydrodynami
ode and extrat the funtions desribing the freeze-out
hypersurfae and ow: d = d(φ, ζ), v = v(φ, ζ), and
α = α(φ, ζ). In the next step these funtions are used as
input for the THERMINATOR ode, whih generates, aord-
ing to the formula (19), the distributions of the primor-
dial partiles. The primordial partiles inlude the stable
hadrons as well as all hadroni resonanes. The reso-
nanes deay through strong, eletromagneti, or weak
interations at the random proper time ontrolled by the
partile's life-time, and at the loation following from the
kinematis. As the nal result we obtain the stable parti-
le distributions inluding the feeding from the resonane
deays. Sine the memory on all deays is kept, one may
apply the experimental uts or the weak-deay feeding
poliy, whih failitates the more aurate omparison of
the model to the data. For example, one may extrat
easily the model proton spetrum whih does not inlude
the feeding from the Λ deays.
The momentum distribution funtions are obtained by
integrating over φ, ζ, and η
dN
dyd2pT
=
∞∫
−∞
dη
pi∫
0
dζ
2pi∫
0
dφ
dN
dydφppTdpTdηdφdζ
. (21)
For ylindrially asymmetri ollisions and midrapidity,
y = 0, the transverse-momentum spetrum has the fol-
lowing expansion in the azimuthal angle of the emitted
partiles
dN
dyd2pT
=
dN
dy 2πpT dpT
(1 + 2v2(pT ) cos(2φp) + ...) .
(22)
Eq. (22) denes the ellipti ow oeient v2.
The well-known problem of the freeze-out ondition
in the Cooper-Frye formulation is that the hypersur-
fae from hydrodynamis typially ontains a non-ausal
piee, where partiles are emitted bak to the hydrody-
nami region [54℄. In our approah we follow the usual
strategy of inluding only that part of the hypersurfae
where dΣµp
µ ≥ 0. To estimate the eet from the non-
ausal part we ompute the ratio of partiles owing
bakwards (i.e. where dΣµp
µ < 0) to all partiles. For
the ases studied in the following setions we nd this
ratio to be a fration of a perent. Suh very small val-
ues show that the known oneptual problem is not of
pratial importane for our study.
V. PION CORRELATION FUNCTION
The orrelation funtion for idential pions is obtained
with the two-partile Monte-Carlo method disussed in
detail in Ref. [55, 56℄. In this approah the evaluation of
the orrelation funtion is redued to the alulation of
7the following expression
C(q,k) =∑
i
∑
j 6=i
δ∆(q − pi + pj)δ∆(k − 12 (pi + pj))|Ψ(k∗, r∗)|2∑
i
∑
j 6=i
δ∆(q − pi + pj)δ∆(k − 12 (pi + pj))
,
(23)
where δ∆ denotes the box funtion
δ∆(p) =


1 if |px| ≤ ∆2 , |py| ≤ ∆2 , |pz| ≤ ∆2
0 otherwise.
(24)
In the numerator of Eq. (23) we inlude the sum of the
squares of modules of the wave funtion alulated for all
pion pairs with the relative momentum q (we use the bin
resolution ∆ = 5 MeV) and the pair average momentum
k. For non-entral ollisions we only provide azimuthally
integrated HBT radii. For eah pair the wave funtion
Ψ(k∗, r∗), inluding the Coulomb interation, is alu-
lated in the rest frame of the pair; k
∗
and r∗ denote the
relative momentum and the relative distane in the pair
rest frame, respetively. In the denominator of Eq. (23)
we put the number of pairs with the relative momentum q
and the average momentum k. The orrelation funtion
(23) is then expressed with the help of the Bertsh-Pratt
oordinates kT , qout, qside, qlong and approximated by the
Bowler-Sinyukov formula [57, 58℄
C(q,k) = (1− λ) + λKcoul(qinv)
[
1 + exp
(−R2outq2out
−R2sideq2side −R2longq2long
)]
, (25)
whereKcoul(qinv) with qinv = 2k
∗
is the squared Coulomb
wave funtion integrated over a stati gaussian soure.
We use, following the STAR proedure [59℄, the stati
gaussian soure haraterized by the widths of 5 fm in
all three diretions. Four kT bins, (0.15− 0.25), (0.25−
0.35), (0.35−0.45), and (0.45−0.60)GeV, are onsidered.
The 3-dimensional orrelation funtion with the exat
treatment of the Coulomb interation is then tted with
this approximate formula and the HBT radii Rout, Rside,
and Rlong are obtained. They an be ompared diretly
to the experimental radii.
VI. DESCRIPTION OF THE
HIGHEST-ENERGY RHIC DATA
In this Setion we apply our model to desribe the soft
hadron prodution in the relativisti heavy-ion ollisions
studied at the highest RHIC energy,
√
sNN = 200 GeV,
by the PHENIX [60, 61℄ and STAR Collaborations [59℄.
We onsider the most entral events, given by the en-
trality lass c = 0 - 5%, where we use the impat param-
eters b = 1 fm. We also use the data from the entrality
lasses c = 20 - 30% (transverse-momentum spetra and
the HBT radii) and c = 20 - 40% (ellipti ow), for whih
FIG. 5: (Color online) In-plane and out-of-plane freeze-out
urves, i.e., the intersetions of the freeze-out hypersurfae
with the planes y = 0 and x = 0, obtained for entral RHIC
ollisions; b = 1 fm, Ti = 320 MeV, and Tf = 150 MeV. The
two urves overlap, indiating that the system at freeze-out
is almost azimuthally symmetri in the transverse plane.
FIG. 6: (Color online) Transverse-momentum spetra of pi+,
K+, and protons. The PHENIX experimental results [60℄ for
Au+Au ollisions at
√
sNN = 200 GeV and the entrality
lass 0-5% (points) are ompared to the model alulations
(solid lines) with the same parameters as in Fig. 5.
we take (for simpliity) the same value of the impat pa-
rameter, b = 7 fm 1.
A. Central ollisions
First, we onsider the entrality lass 0 - 5% with the
orresponding value of the impat parameter b = 1 fm.
1
In a detailed analysis a more aurate study in eah entrality
lass should be made. Note, however, that the link between
the entrality lass and the impat parameter involves the total
inelasti ross setion, and to a very good auray for not-too-
peripheral ollisions c ≃ pib2/σinel. [62℄. The total inelasti ross
setion is not measured, instead is obtained from Glauber simu-
lations, thus arries model unertainty [43℄.
8FIG. 7: The pioni HBT radii plotted as funtions of the
average transverse momentum of the pair ompared to the
STAR data [59℄ at the entrality 0-5%. The alulation uses
the two-partile method and inludes the Coulomb eets.
The values of the model parameters are the same as in Fig. 5.
The in-plane and out-of-plane freeze-out urves are de-
ned as the intersetions of the freeze-out hypersurfae
with the planes y = 0 and x = 0. They are obtained
with the initial entral temperature Ti = 320 MeV and
the nal (freeze-out) temperature Tf = 150 MeV and are
shown in Fig. 5. The two freeze-out urves pratially
overlap, indiating that the expansion of the system is
almost azimuthally symmetri in the transverse plane.
FIG. 8: (Color online) The freeze-out urves for
Ti = 320 MeV, Tf = 150 MeV, and b = 7 fm. The solid line
desribes the in-plane prole, while the dashed line desribes
the out-of-plane prole.
This eet is ertainly expeted for the almost entral
ollisions, where the impat parameter is very small. We
note that the shape of the isotherms is onsistent with
the result presented in Fig. 2 of Ref. [12℄, where the same
deoupling temperature of 150 MeV was onsidered.
In Fig. 6 we present our results for the hadron
transverse-momentum spetra with the same values of
the parameters. The dots show the PHENIX data [60℄
for positive pions, positive kaons, and protons, while the
solid lines show the results obtained from our hydrody-
nami ode onneted to THERMINATOR. Our model de-
sribes the data properly up to the transverse-momentum
values of about 1.5 GeV. For larger values of pT the model
underpredits the data. This eet may be explained by
the presene of the semi-hard proesses, not inluded in
our approah.
In our model, the values of Ti and b ontrol the over-
all normalization. On the other hand, the value of the
freeze-out temperature Tf determines inter alia the rel-
ative normalization and the slopes of the spetra. We
note that the orret slope for the pions and kaons is
reovered at a relatively high value of Tf . This is pos-
sible, sine the spetra of the observed hadrons ontain
the ontributions from all well established hadroni reso-
nanes. This single-freeze-out piture [31, 63, 64℄, where
the same temperature is used to desribe the ratios of
hadroni abundanes and the spetra, was rst tested for
hadroni spetra in Ref. [63℄, see also [65, 66℄. We note
that the value Tf = 150 MeV agrees with the reent re-
sults obtained in the framework of the single-freeze-out
model in Ref. [67℄. In the alulation of the proton spe-
tra, in order to be onsistent with the PHENIX experi-
mental proedure, we removed the protons oming from
the Λ deays.
In Fig. 7 the model results and the STAR data [59℄
for the HBT radii are presented. Again, for the same
values of the parameters, a quite reasonable agreement is
found. Disrepanies at the level of 10-15% are observed
in the behavior of the Rside, whih is too small, and Rlong,
9FIG. 9: (Color online) Transverse-momentum spetra of pi+,
K+, and protons. The PHENIX experimental results [60℄ for
Au+Au ollisions at
√
sNN = 200 GeV and the entrality
lass 20-30% (points) are ompared to the model alulations
(solid lines). The values of the model parameters are the same
as in Fig. 8.
FIG. 10: (Color online) The ellipti ow oeient v2. The
values measured by PHENIX [61℄ at
√
sNN = 200 GeV and
the entrality lass 20-40% are indiated by the upper (pions
+ kaons) and lower (protons) points, with the horizontal bars
indiating the pT bin. The orresponding model alulations
are indiated by the solid lines, with the bands displaying the
statistial error of the Monte-Carlo method. The parameters
are the same as in Fig. 8.
whih is too large, probably due to the assumption of
strit boost invariane. The ratio Rout/Rside ≃ 1.25 is
larger than one, whih is a typial disrepany of hydro-
dynami studies. Nevertheless, when ompared to other
hydrodynami alulations, our ratio Rout/Rside is sig-
niantly loser to the experimental value. The ratio is
almost onstant as a funtion of kT , ontrary to the de-
rease observed in the data.
FIG. 11: The pioni HBT radii plotted as funtions of the
average transverse momentum of the pair ompared to the
STAR data [59℄ at entrality 20-30%. As in the ase of the
entral ollisions, the alulation uses the two-partile method
and inludes the Coulomb eets. The values of the model
parameters are the same as in Fig. 8.
B. Non-entral ollisions
Next, we onsider the entrality lasses 20 - 30% and
20 - 40%. The data are ompared with the model re-
sults obtained with the impat parameter b = 7 fm. The
values of the initial entral temperature and the nal
temperature are the same as in the ase of the entral
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FIG. 12: (Color online) The freeze-out urves for entral LHC
ollisions; b = 1 fm, Ti = 450 MeV, and Tf = 150 MeV. Sim-
ilarly to the entral RHIC ollisions, the two urves overlap
indiating that the system at freeze-out is symmetri in the
transverse plane.
ollisions, i.e., Ti = 320 MeV and Tf = 150 MeV. The
two freeze-out urves are shown in Fig. 8. We observe
that the out-of-plane prole is wider than the in-plane
prole. This dierene indiates that the system is elon-
gated along the y axis at the moment of freeze-out. This
feature is in qualitative agreement with the HBT mea-
surements of the azimuthal dependene of Rside. The
omparison of the experimental and model transverse-
momentum spetra is presented in Fig. 9. In this ase
we also nd a good agreement between the data and the
model results up to the transverse-momentum reahing
1.7 GeV.
In Fig. 10 the model results and the PHENIX data [61℄
on the ellipti ow oeient v2(pT ) are ompared. We
observe that the v2 of pions+kaons is about 10% below
the data. Taking into aount the unertainly in the ini-
tial eentriity, disussed at the end of Set. III, whih is
at the level of 10-20%, the obtained agreement is reason-
able. On the other hand, the model preditions for v2 of
protons is too large. The disrepany is probably aused
by the nal-state elasti interations, not inluded in our
approah [68℄.
The HBT radii for non-entral RHIC ollisions are
shown in Fig. 11. Similarly to the entral ollisions,
we observe that Rside is slightly too small and Rlong is
slightly too large. Still, the ratio Rout/Rside is very lose
to the data. Comparing our values of Rside with other
hydrodynami alulations we nd that our values are
larger. This eet is aused by the halo of deaying res-
onanes whih inreases the system size by about 1 fm,
see Ref. [55℄.
VII. PREDICTION FOR THE LARGE HADRON
COLLIDER
We expet that inreasing the initial beam energy re-
sults essentially in a higher initial temperature Ti used
FIG. 13: (Color online) The model results for the transverse-
momentum spetra of pi+, K+, and protons. The values of
the model parameters are the same as in Fig. 12.
as the input for the hydrodynami alulation (in the
midrapidity region studied here). Therefore, to make
preditions for the ollisions at the LHC energies we use
a set of values for Ti whih are higher than that used at
RHIC, namely, Ti = 400, 450, and 500 MeV. It is not
lear whih value of Ti will be seleted in LHC. Esti-
mates based on extrapolations [18℄ suggest an inrease
of multipliity by a fator of 2 ompared to the highest
RHIC energies, whih would favor Ti around 400 MeV.
However, to investigate a broader range of possibilities,
we onsider muh higher temperatures as well. As alredy
mentioned, in the ase of LHC we also use a larger value
of the nuleon-nuleon ross setion in the denition of
the initial onditions (σ = 66 mb) and dierent values
of the hemial potentials in the hadronization made by
THERMINATOR (µB = 0.8 and µs = µI3 = 0).
In Tables I and II we list our results for the following
quantitites: the total π+ multipliity dN/dy, the inverse-
slope parameter for pions λ, the pion+kaon ellipti ow
v2 at pT = 1 GeV, and the three HBT radii alulated
at the pion pair momentum kT = 300 MeV. The inverse-
slope parameter given in Tables I and II is obtained from
the formula
λ = −
[
d
dpT
ln
(
dNpi
2πpTdpTdy
)]−1
(26)
The tables show several expeted qualitative features.
Obviously, as the initial temperature inreases, the mul-
tipliity grows. This is due a larger initial entropy, whih
auses a larger size of the freeze-out hypersurfae. We
nd that the following parameterizations work very well
for the multipliity of π+ at LHC for the two onsidered
entrality ases:
dN
dy
= 12600(Ti/GeV)
3.4, (b = 1 fm) (27)
dN
dy
= 6870(Ti/GeV)
3.4, (b = 7 fm).
The power 3.4 works remarkably well. This behavior re-
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FIG. 14: The model results for the pioni HBT radii. The
alulation uses the two-partile method and inludes the
Coulomb eets. The values of the model parameters are
the same as in Fig. 12.
ets the dependene of the initial entropy on T as shown
in top left panel of Fig. 2, where for the relevant temper-
ature range of 300− 500 MeV we have the approximate
saling s/T 3 ∼ T 0.4.
Similarly, for the slopes in the studied domain we have
λ(1 GeV) = 0.629Ti + 0.034 GeV, (b = 1 fm)(28)
λ(1 GeV) = 0.629Ti + 0.044 GeV, (b = 7 fm).
The interesting feature is a onstant (i.e. independent
Ti [MeV℄
dN
dy
λ [MeV℄ Rside [fm℄ Rout [fm℄ Rlong [fm℄
320 250 235 4.3 5.4 6.1
400 558 286 5.3 6.0 7.6
450 837 318 5.8 6.2 8.0
500 1193 348 6.3 6.5 8.6
TABLE I: Central ollisions at RHIC (the seond row) and
LHC (the three lower rows): A set of our results obtained
for b = 1 fm and four dierent values of the initial tempera-
ture: Ti = 320, 400, 450, and 500 MeV. The olumns ontain
the following information: dN/dy  the total pion multipli-
ity (positive pions only), λ  the inverse-slope parameter for
positive pions at pT = 1 GeV, Rside,out,long  the three HBT
radii alulated at the average momentum kT = 300 MeV.
of Ti) shift by about 10 MeV from b = 1 to b = 7. The
HBT radii inrease rather moderately with Ti, as an be
seen from the tables.
In the following Setions we show more details, dis-
ussing the spetra, v2, and the HBT radii obtained for
the initial temperature Ti = 450 MeV.
A. Central ollisions
In Fig. 12 we show the freeze-out urves obtained from
our hydrodynami ode with Ti = 450 MeV. Compar-
ing to the orresponding entral RHIC ollisions with
Ti = 320 MeV from Fig. 5, we observe that the dier-
ene in the initial temperature results in the longer time
of the hydrodynami expansion and a larger transverse
size (both inrease by about 3 fm). On the other hand,
similarly to the RHIC results, we nd that the two freeze-
out proles overlap, hene the system at freeze-out is, as
expeted, azimuthally symmetri in the transverse plane.
We also note that the shape of the isotherms is onsistent
with the result presented in Fig. 4 of Ref. [12℄.
In Fig. 13 we give the model transverse-momentum
spetra of hadrons. Compared to the RHIC results from
Fig. 6, we nd muh larger multipliities of the produed
hadrons and smaller slopes of the spetra, indiating the
larger transverse ow that is aused by the larger initial
temperature.
Ti [MeV℄
dN
dy
λ [MeV℄ vpi+K2 Rside [fm℄ Rout [fm℄ Rlong [fm℄
320 131 245 0.11 3.8 4.6 5.6
400 303 294 0.11 4.7 5.2 6.7
450 455 327 0.11 5.1 5.2 7.1
500 651 358 0.11 5.5 5.3 7.5
TABLE II: Non-entral ollisions at RHIC (the seond row)
and LHC (the three lower rows) (b = 7 fm): The same quan-
tities shown as in Table I with the additional information on
the pion ellipti ow v2 at pT = 1 GeV.
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FIG. 15: (Color online) The freeze-out urves for pe-
ripheral ollisions at LHC, b = 7 fm, Ti = 450 MeV, and
Tf = 150 MeV. The solid (dashed) line shows the in-plane
(out-of-plane) prole.
FIG. 16: (Color online) The model results for the transverse-
momentum spetra of pi+, K+, and protons. The values of
the model parameters are the same as in Fig. 15.
Our model alulations of the HBT radii are shown
in Fig. 14. The inrease of the entral temperature
from Ti = 320 MeV to Ti = 450 MeV makes all the radii
moderately larger. The ratio Rout/Rside dereases by
about 10% whih is an eet of the larger transverse ow
aused, in turn, by the larger initial temperature.
B. Non-entral ollisions
In this Setion we present our results desribing the
peripheral ollisions with Ti = 450 MeV, Tf = 150 MeV,
and b = 7 fm. In Fig. 15 we show the freeze-out urves.
One an observe that the system is initially elongated
along the y axis, but in the end of the evolution it be-
omes elongated along the x axis. This behavior is indi-
ated by the rossing of the freeze-out urves. The hange
of shape is aused by the strong ow whih transforms
the initial almond into a pumpkin [69℄. Azimuthally
sensitive HBT probes suh non-trivial behaviour and an
be used as a preise onrmation test for the existene of
FIG. 17: (Color online) The ellipti ow oeient v2. The
parameters are the same as in Fig. 15.
suh eets in data.
In Fig. 16 we show the model transverse-momentum
spetra of hadrons for the same values of the parame-
ters. Compared to the RHIC ase with Ti = 320 MeV
and the same values of Tf and b, we nd atter spetra
with higher multipliity. In Fig. 17 we show our results
for the ellipti-ow oeient. The stronger transverse
ow generated in this ase indues larger splitting be-
tween the pion+kaon v2 and the proton v2, with the val-
ues of the pion+kaon ellipti ow very similar to those
found in the ase Ti = 320 MeV. This result indiates
the saturation of the ellipti ow of light partiles for a
given initial spae asymmetry. On the other hand, the
proton ellipti ow is signiantly redued. This observa-
tion is onsistent with the ndings of Kestin and Heinz
disussed in Ref. [18℄. Finally, in Fig. 18 we show our
model alulations of the HBT radii. We note that the
ratio Rout/Rside is very lose to one.
VIII. CONCLUSIONS
Summarizing the results, we note that the inrease of
the initial temperature Ti of the hydrodynami evolution
yields a rather smooth hange of the basi soft-physis
observables, summarized in formulas (27) - (28). The
observed multipliities, spetra, and HBT radii reet the
inreased values of entropy and olletive ow. One may
of ourse wonder on the redibility of the preditions,
whih assume that the basi piture at LHC resembles
RHIC, with the initial onditions ranked up. The LHC
results in the oming years will answer that question. Of
ourse, one may undertake extrapolations only when the
urrent experimental situation is desribed well with the
given model, whih is not an easy task at RHIC, where
no approah desribes uniformly and aurately all the
available data, inluding the femtosopy.
In this paper we used the hydrodynami approah
linked to the statistial hadronization to globally desribe
the midrapidity hadron prodution at the highest RHIC
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FIG. 18: The pioni HBT radii.The values of the model pa-
rameters are the same as in Fig. 15.
energies and to make preditions for the future experi-
ments at LHC. We have sueeded in the overall quite
orret desription of the soft hadron prodution at the
highest RHIC energies, making ts of the pion spetra,
v2 and HBT radii. For all observables we have reahed
agreement at the level of 10-15%, whih should be onsid-
ered satisfatory baring in mind the approximations used.
We have provided uniform ts to all basi soft-physis
information, inluding the pT -spetra, the ellipti ow,
and femtosopy. We have made a best eort with the
presently available tools, that is the perfet-uid hydro-
dynamis with the state-of-the-art equation of state, the
hadronization inluding all resonanes, as implemented
in THERMINATOR, and the two-partile method with the
Coulomb orretion for evaluating the HBT radii. Hav-
ing tted RHIC at its highest energy, we have then made
preditions for LHC. This was ahieved by inreasing the
initial temperature whih is, in our opinion, the main
physial eet expeted at larger beam energies. Pos-
sible improvements of the present approah inlude the
inorporation of the elasti resattering in the nal state,
putting visosity into hydrodynamis, as well as provid-
ing more aurate initial ondition, inluding the initial
evolution of partons and the utuations of the axes
of the seond harmoni of the shape generated by the
Glauber Monte Carlo alulations.
Finally, we note that THERMINATORmay readily be used
as a Monte Carlo generator in the energy domain of LHC
also for suh purposes as the detetor modelling and test-
ing.
We are grateful to Piotr Bo»ek for useful disussions.
[1℄ P. F. Kolb, U. Heinz, in Quark-Gluon Plasma 3, edited by
R.C. Hwa and X.-N. Wang (World Sienti, Singapore,
2004), p. 634, nul-th/0305084.
[2℄ P. Huovinen, in Quark-Gluon Plasma 3, edited by R.C.
Hwa and X.-N. Wang (World Sienti, Singapore, 2004),
p. 600, nul-th/0305064.
[3℄ E. V. Shuryak, Nul. Phys., A750 (2005) 6483,
hep-ph/0405066.
[4℄ B. Muller, arXiv:0710.3366 [nul-th℄.
[5℄ C. Nonaka, J. Phys., G34 (2007) S313322,
nul-th/0702082.
[6℄ P. Huovinen, P. F. Kolb, U. W. Heinz, P. V. Ruuska-
nen, S. A. Voloshin, Phys. Lett., B503 (2001) 5864,
hep-ph/0101136.
[7℄ D. Teaney, J. Lauret, E. V. Shuryak, Phys. Rev. Lett.,
86 (2001) 47834786, nul-th/0011058.
[8℄ D. Teaney, J. Lauret, E. V. Shuryak, nul-th/0110037.
[9℄ T. Hirano, K. Tsuda, Phys. Rev., C66 (2002) 054905,
nul-th/0205043.
[10℄ P. F. Kolb, R. Rapp, Phys. Rev., C67 (2003) 044903,
14
hep-ph/0210222.
[11℄ Y. Hama, et al., Nul. Phys., A774 (2006) 169178,
hep-ph/0510096.
[12℄ K. J. Eskola, H. Honkanen, H. Niemi, P. V. Ruuska-
nen, S. S. Rasanen, Phys. Rev., C72 (2005) 044904,
hep-ph/0506049.
[13℄ C. Nonaka, S. A. Bass, Phys. Rev., C75 (2007) 014902,
nul-th/0607018.
[14℄ M. Chojnaki, W. Florkowski, T. Csorgo, Phys. Rev.,
C71 (2005) 044902, nul-th/0410036.
[15℄ M. Chojnaki, W. Florkowski, Phys. Rev., C74 (2006)
034905, nul-th/0603065.
[16℄ M. Chojnaki, W. Florkowski, Ata Phys. Polon., B38
(2007) 32493262, nul-th/0702030.
[17℄ A. Kisiel, T. Talu, W. Broniowski, W. Florkowski,
Comput. Phys. Commun., 174 (2006) 669687,
nul-th/0504047.
[18℄ S. Abreu, et al., arXiv:0711.0974 [hep-ph℄.
[19℄ Y. Aoki, Z. Fodor, S. D. Katz, K. K. Szabo, JHEP, 01
(2006) 089, hep-lat/0510084.
[20℄ W. Broniowski, W. Florkowski, Phys. Lett., B490 (2000)
223227, hep-ph/0004104.
[21℄ I. G. Bearden, et al., BRAHMS, Phys. Rev. Lett., 90
(2003) 102301.
[22℄ I. G. Bearden, et al., BRAHMS, Phys. Rev. Lett., 94
(2005) 162301, nul-ex/0403050.
[23℄ G. Baym, B. L. Friman, J. P. Blaizot, M. Soyeur,
W. Czyz, Nul. Phys., A407 (1983) 541570.
[24℄ G. Torrieri, et al., Comput. Phys. Commun., 167 (2005)
229251, nul-th/0404083.
[25℄ N. S. Amelin, et al., Phys. Rev., C74 (2006) 064901,
nul-th/0608057.
[26℄ W. Florkowski, Nul. Phys., A774 (2006) 179188,
nul-th/0509039.
[27℄ D. A. Brown, P. Danielewiz, Phys. Lett., B398 (1997)
252258, nul-th/9701010.
[28℄ P. Danielewiz, arXiv:0707.0377 [nul-th℄.
[29℄ R. Vertesi, PHENIX, arXiv:0706.4409 [nul-th℄.
[30℄ D. A. Brown, R. Soltz, J. Newby, A. Kisiel, Phys. Rev.,
C76 (2007) 044906, arXiv:0705.1337 [nul-th℄.
[31℄ W. Florkowski, W. Broniowski, M. Mihale, Ata Phys.
Polon., B33 (2002) 761769, nul-th/0106009.
[32℄ P. Braun-Munzinger, D. Magestro, K. Redlih,
J. Stahel, Phys. Lett., B518 (2001) 4146,
hep-ph/0105229.
[33℄ A. Baran, W. Broniowski, W. Florkowski, Ata Phys.
Polon., B35 (2004) 779798, nul-th/0305075.
[34℄ J. Cleymans, B. Kampfer, M. Kaneta, S. Wheaton,
N. Xu, Phys. Rev., C71 (2005) 054901, hep-ph/0409071.
[35℄ B. Biedron, W. Broniowski, Phys. Rev., C75 (2007)
054905, nul-th/0610083.
[36℄ A. Androni, P. Braun-Munzinger, J. Stahel, Nul.
Phys., A772 (2006) 167199, nul-th/0511071.
[37℄ P. Huovinen, Nul. Phys., A761 (2005) 296312,
nul-th/0505036.
[38℄ J. P. Blaizot, J.-Y. Ollitrault, Phys. Lett., B191 (1987)
2126.
[39℄ A. Dyrek, W. Florkowski, Ata Phys. Polon., B15 (1984)
653666.
[40℄ B. B. Bak, et al., PHOBOS, Phys. Rev., C65 (2002)
031901, nul-ex/0105011.
[41℄ B. B. Bak, et al., PHOBOS, Phys. Rev., C70 (2004)
021902, nul-ex/0405027.
[42℄ A. Bialas, M. Bleszynski, W. Czyz, Nul. Phys., B111
(1976) 461.
[43℄ M. L. Miller, K. Reygers, S. J. Sanders, P. Steinberg,
nul-ex/0701025.
[44℄ P. F. Kolb, J. Sollfrank, U. W. Heinz, Phys. Rev., C62
(2000) 054909, hep-ph/0006129.
[45℄ C. E. Aguiar, T. Kodama, T. Osada, Y. Hama, J. Phys.,
G27 (2001) 7594, hep-ph/0006239.
[46℄ C. E. Aguiar, Y. Hama, T. Kodama, T. Osada, Nul.
Phys., A698 (2002) 639642, hep-ph/0106266.
[47℄ J. Soolowski, O., F. Grassi, Y. Hama, T. Kodama, Phys.
Rev. Lett., 93 (2004) 182301, hep-ph/0405181.
[48℄ S. A. Voloshin, nul-th/0606022.
[49℄ W. Broniowski, P. Bozek, M. Rybzynski, Phys. Rev.,
C76 (2007) 054905, arXiv:0706.4266 [nul-th℄.
[50℄ W. Broniowski, M. Rybzynski, P. Bozek,
arXiv:0710.5731 [nul-th℄.
[51℄ S. A. Voloshin, A. M. Poskanzer, A. Tang, G. Wang,
arXiv:0708.0800 [nul-th℄.
[52℄ B. Alver, et al., arXiv:0711.3724 [nul-ex℄.
[53℄ F. Cooper, G. Frye, Phys. Rev., D10 (1974) 186.
[54℄ K. A. Bugaev, Phys. Rev., C70 (2004) 034903,
nul-th/0401060.
[55℄ A. Kisiel, W. Florkowski, W. Broniowski, Phys. Rev.,
C73 (2006) 064902, nul-th/0602039.
[56℄ A. Kisiel, Braz. J. Phys., 37 (2007) 917924,
nul-th/0612052.
[57℄ M. G. Bowler, Phys. Lett., B270 (1991) 6974.
[58℄ Y. Sinyukov, R. Ledniky, S. V. Akkelin, J. Pluta, B. Er-
azmus, Phys. Lett., B432 (1998) 248257.
[59℄ J. Adams, et al., STAR, Phys. Rev., C71 (2005) 044906,
nul-ex/0411036.
[60℄ S. S. Adler, et al., PHENIX, Phys. Rev., C69 (2004)
034909, nul-ex/0307022.
[61℄ S. S. Adler, et al., PHENIX, Phys. Rev. Lett., 91 (2003)
182301, nul-ex/0305013.
[62℄ W. Broniowski, W. Florkowski, Phys. Rev., C65 (2002)
024905, nul-th/0110020.
[63℄ W. Broniowski, W. Florkowski, Phys. Rev. Lett., 87
(2001) 272302, nul-th/0106050.
[64℄ W. Broniowski, W. Florkowski, Phys. Rev., C65 (2002)
064905, nul-th/0112043.
[65℄ J. Rafelski, J. Letessier, Phys. Rev. Lett., 85 (2000)
46954698, hep-ph/0006200.
[66℄ W. Broniowski, A. Baran, W. Florkowski, Ata Phys.
Polon., B33 (2002) 42354258, hep-ph/0209286.
[67℄ D. Prorok, nul-th/0702042.
[68℄ K. J. Eskola, H. Niemi, P. V. Ruuskanen,
arXiv:0710.4476 [hep-ph℄.
[69℄ U. W. Heinz, P. F. Kolb, Phys. Lett., B542 (2002) 216
222, hep-ph/0206278.
